Solution plasma is a new electrical discharge process where an atmospheric non-equilibrium plasma is generated, usually at room temperature, in a liquid environment, such as an aqueous solution or an organic compound. There are a large variety of combinations used in experiments among solutions, electrode materials, plasma configurations, volumes, and reactor geometries, as well as the characteristics of the power supply. The solution plasma process (SPP) combines gas discharge physics, fluid thermodynamic properties, and fluid interfaces reactions. In SPP, nanoparticles with various sizes, shapes, crystallinities, and compositions could be obtained. The synthesis of carbon and hetero-carbon nanomaterials proves that SPP is an efficient and rapid method for their production. The polymerization of benzene in SPP can form graphene. By simply changing the organic precursor, carbon-doped nanostructures can be synthesized with a controlled composition. This review demonstrates that SPP is a new reaction field for nanomaterial production.
Introduction
Solution plasma is a new electrical discharge process where an atmospheric non-equilibrium plasma is generated, usually at room temperature, in a liquid environment, such as an aqueous solution or an organic compound. 1) There are a large variety of combinations used in experiments among solutions, electrode materials, plasma configurations, volumes, and reactor geometries, as well as the characteristics of the power supply. Plasma in water has been known since 1899 when different combinations of metal-rod-type electrodes were used to ignite the discharge, and optical emission spectra were acquired to explain the various characteristics of spectral lines observed in astronomy. 2, 3) The solution plasma process (SPP) combines gas discharge physics, fluid thermodynamic properties, and fluid interfaces reactions. 4) The problem with the discharges in solutions is whether or not an electron avalanche is possible in the liquid phase or a change of the phase (gas phase) is required for the avalanche to occur. In solutions, plasma phenomenology is wider than in gases because of many physical and chemical processes that can contribute to the discharge due to the gas phase, liquid phase, and plasma itself, as well as the interfaces between plasma-liquid, electrode-liquid, and electrodeplasma. 5) The most critical phenomena are the bulk processes related to the liquid medium with the electronic states, the surface processes at the electrode-liquid interface, and the interface processes at the plasma and liquid. [5] [6] [7] The difference between the liquids and gases is the density, which leads to a high collision frequency and thus to a significant energy dissipation rate, and a low electron mobility in liquids. From the electronic state point of view, the case of water is special among other fluids. Water presents a low molecular weight but differs strongly from liquefied noble gases at high pressure. Water is a highly polar liquid, and the conductivity is in competition with the dielectric behavior of the medium. This last property is likely to explain the difference between plasma discharge in classical liquid dielectrics and water. Having a high dielectric strength, the electrical discharge in water will require a large electric field (67-70 MV m −1 ) to produce ionization, to accelerate ions, and to multiply the initial seed of electrons into the electronic avalanche. In benzene, a dielectric strength of 163 MV m −1 will require a much higher electric field for the breakdown. Therefore, before electron avalanche, other processes should proceed, such as phase change (low-density localized regions), the formation of impurities from electrode erosion, and the electrostatic crack mechanism. 6, 8) Moreover, the properties of liquid dielectrics as dielectric constant, dielectric strength, ionization potential, density, band gap, and dipole moment influence the particular characteristics of SPP and determine the generation of specific radicals, intermediates, molecules, and materials, as will be presented in the following.
Breakdown in solutions
The mechanism of electrical breakdown in liquid dielectrics has been a subject of great interest for both scientific and practical reasons. Positive streamers (breakdown channels), at the prebreakdown stage, are observed to progress within the nanosecond to microsecond order. Optical measurements techniques record such ultrafast events. A small prebreakdown current on the order of µA to mA has been observed to flow during the delay period until total plasma breakdown occurs with an abrupt current increase. The time delay is mainly associated with the time required for a streamer to propagate across the distance between the electrodes. 9) In discharge in gases, the physical mechanisms inside plasma are well-known and are based on the electron avalanche mechanism explained by Townsend at low pd (pressure multiplies with gap distance) values and on the streamer mechanism at high pd values. 10) In the case of liquids, the high density of such a medium prevents electrons from accelerating and undergoing collisional processes such as dissociation, excitation, and ionization unless the electric field is several orders of magnitude higher than those of plasmas at atmospheric pressure.
11) Electron avalanches barely occur within a liquid due to the low mobility of charges and the high recombination rate. However, in this situation, it is necessary to explain why breakdown occurs and why plasma operates in liquids even if the electronic states of this medium are not favorable. The explanation can be given if a phase change takes place, i.e., the liquid locally turns into a gas, and then electron avalanches appear. Thus, the liquid and gas thermodynamics play a major role, and plasma in liquids can be connected to gas discharge physics.
To explain the mechanism of the breakdown in the solution, a model of energy bands is used as a "semiconductor approximation". 7, 12, 13) According to this model, a liquid can be described as having a valence, conduction bands, and a band gap. In the plasma discharge system, we need to identify the solvated electronic states and free electronic states. The mobilities of the solvated and free charges are indeed very different.
The electronic description of a liquid contained localized (solvated) and delocalized (free) states. The positive ions created from the dissociation of neutral molecules will have localized states as solvated positive ions and delocalized state as holes. Conversely, the electrons are localized in solvated negative ions and delocalized as free charges. The liquid conductivity without free charges is based on positive and negative ions dissociated from an ionic salt crystal and solvated by the fluid when the salt can be dissolved in the liquid. The molecular dissociation into two ions depends on the energy levels of the positive and negative ions and the dielectric constant of the solution. The dissociation is easier with a higher dielectric constant liquid such as water owing to Coulomb force screening between the two ions. Thermal agitation would be able to more effectively dissociate the weakly bonded molecule. The positive ion is situated at an energy of IE from the ground state, and the negative ion is at EA as shown in Fig. 1 and will be quickly solvated by the electrostatic interaction of liquid molecules with the newly formed ion. The molecules of the liquid will influence and polarize the atomic bonds inside the ion (inner sphere influence). This solvation will shift the negative and positive ion levels by an energy P typically of 1 eV for liquids having low dielectric constants (ε = 2-3) and of several eV for liquids having high dielectric constants. The new positions of the ionization potential and electron affinity are marked in Fig. 1 as I1 and A1, respectively. Those solvated ions are temporary delocalized state and will be quickly further solvated by a solvation shell (outer sphere influence). The water band gap is 9.8 eV. Delocalized states have a much higher mobility and thus a higher drift velocity than localized states. Above and below are the conduction and valence bands of the quasi-free electrons and holes. The localized state can be delocalized by applying an electric field. The electronic configuration of the liquid explains the breakdown difference depending on the dielectric constant, ionization potential, band gap, and dipole moment. Table I shows data for distilled water and benzene as examples of the connection between the breakdown dielectric strength and other constants related to the electronic configuration of the molecule. 14) In the case of solids, a thermochemical molecular model has shown the relation between the dielectric strength and the dielectric constant. The model calculated that the dielectric breakdown strength is inversely proportional to the dielectric constant in many materials.
15)
The bubble theory is based on the idea of how a combination of gas and liquid phases works to produce a breakdown in solutions. In general, this explanation requires clarifying the formation of a bubble near the electrode tip. When a bubble is formed, an electron avalanche occurs, and amplification processes start. The avalanche is controlled by either the injection of more electrons into the gas phase or the field ionization that occurs in the bubble owing to the increase in the electric field produced in this region which presents a low dielectric constant. Bubble formation can be due to local heating, cavitation, and electrical stress that may simultaneously occur to different extents in solutions. The mechanism is controlled by the properties of the solution in the first stage. The primary analyzed mechanism is the localized injection of various forms of energy. [16] [17] [18] [19] Partial discharges introduce "hot" electrons into the liquid and cause local heating and vaporization. Hot electrons are electrons with an energy greater than the thermal energy that produces the breakdown through electron multiplication.
Lewis demonstrates a mechanical model of bubble formation. 20) The model of the bubble formation in a low-density area starts from the mechanical properties of the solution when a region with a low density is formed. The mechanical stress produced by electric fields near the breakdown, i.e., 10 , increases the temperature of the ruptures or holes throughout the solution, not only at the electrode-liquid interface. These holes provide weak points in the molecular structure of the liquid and allow a "crack" to form in the solution. The crack consists of a low density or even a vacuum region, sometimes referred to as a vacuole where electrons can be introduced. The formation of the vacuole is due to mechanical stress instead of energy injection. Vacuoles allow the breakdown to occur inside the solution, and so plasma is generated, the same as in the case of the bubbles. When the electrons are introduced into the crack, the crack becomes like a supplementary cathode, similar to a newly formed microprotrusion. The strain on the structure of the liquid opens a "crack" in the liquid by increasingly breaking the bonds of the molecules and propagates from place to place, like "opening a zipper".
20)
The suspended particle theory is concerned with impurities in the dielectric solution. A suspended particle is anything within the liquid that can have an electrical charge. The particle presents polarizability or contains charges so that when an applied field is present, the particle will drift. A force from the applied field will act on the particle together with an impending frictional force due to solution viscosity. The forces determine the particle speed. Once it reaches an electrode, the particle will be an extension of the electrode and it can alter the local electric field conducting the breakdown.
SPP diagnostics
A typical experimental setup of SPP is shown in Fig. 2 .
As mentioned above, SPP is performed in pure water and solutions of water with different inorganic compounds and organic solutions with various conductivities. In aqueous solutions, plasma starts in gas bubbles that come from the evaporation of the liquid by the Joule effect and electrolysis. In organic solutions, plasma ignites and propagates as a streamer discharge, depending on the conductivity. The solution surrounds SPP. The pressure inside the plasma is atmospheric pressure. During SPP, the liquid temperature becomes higher than the room temperature, reaching 50-60°C. As an example, the breakdown voltage measured in distilled water with tungsten electrodes is shown in Fig. 3 .
The fitting was done using the breakdown Paschen law as follows:
where the A and B coefficients are known for water and γ is the second Towsend coefficient, measured to be 0.005. SPP diagnostics consists of optical emission and absorption spectroscopies, electrical recording of the voltage-current waveforms, pH and conductivity measurements, and electrode erosion after plasma operation. Spectroscopy measurements give information on the atoms, molecules, radicals, the number density of molecular radicals, the number density of electrons, and electronic excitation energy. From the electrical measurements, the input energy per pulse, the total energy of SPP during the total processing time, the auxiliary timedependent voltage, and the current oscillations of plasma that strongly influence the materials can be evaluated. 21) The electrical discharges in water produce chemically active species, such as hydrogen, hydrogen peroxide, ozone, oxygen, hydroxyl radicals, and photons as UV radiation, which dissociate molecules at a high efficiency. 22 ) Different types of discharges in water under high pulsed voltage with various pulse widths and repetition frequencies, and different electrode configurations arranged in a rod-plate 8, [23] [24] [25] or twopin 26, 27) configurations have been investigated. Nevertheless, the fundamental properties of gas-phase plasma surrounded by its liquid phase and the chemical species produced have been studied and reported in Ref. 28 . Moreover, only very few results have shown the dynamics of molecules and atoms produced in aqueous discharges. 28) Time-resolved optical emission spectroscopy investigated the change over time of species that are reactive and that are formed in plasma produced in ultrapure water between the two-rod configuration of electrodes. The requirement for realizing plasma in water is strongly dependent on the electrode material. The electrode material was chosen to have a high melting point, to be corrosion-resistant, to have strong chemical stability, and most importantly to have a good electrical conductivity. Therefore, the electrodes were confectioned from tungsten and tantalum materials, which have the work functions of 4.5 and 4.25 eV, respectively. Two types of water discharges were studied. In the first type, the water was continuously circulated to maintain the conductivity and pH of the solution constant during the discharge, while, in the second type, the water was not circulated. [29] [30] [31] The measurements of the prebreakdown and breakdown currents dependence on the electrode work function were performed by analyzing the voltage and current waveforms.
In both experiments, a DC component of the electric current of the power supply sustains the plasma. The results showed that the pH of the solution decreased with the applied electric field and plasma operation time, while the conductivity increased for both types of the electrode material. The formation of hydrogen peroxide which is a weak acid can explain the decrease in pH.
The solutions used in Ref. 30 were ultrapure water, hydrochloric acid (HCl) solution, potassium chloride (KCl) solution, and potassium hydroxide (KOH) solution. The electrical discharges were generated between pairs of electrodes with different work functions, such as tungsten, tantalum, and lanthanum hexaboride. The current-voltage waveforms presented the characteristics of a spark discharge in the case of tungsten and lanthanum hexaboride electrodes used in SPP. In the case of the tantalum electrodes, a transition to an arc discharge was generated, easily detected by the broad emission spectrum in the range of 350-940 nm. The reactive species generated in the plasma depended on the nature of the solution and the electrode material used in the discharge. In this experiment two regions in time were examined: the evolution of the reactive species during the positive and negative pulses, and the de-excitation processes in between the pulses. The time emission spectroscopy showed that a relatively high density of the excited species was produced during the positive pulse which might be explained by the higher positive pulse voltage than the negative one. This difference between the positive and negative pulse voltages is due to the construction of the power supply.
An original method of absorption spectroscopy was used for SPP diagnostics. 30) A broadband emission deuterium lamp was employed to perform the optical absorption spectroscopy. A shutter controlled the input of the light through the plasma. A mirror was set to direct the output light through a focusing lens onto the entrance slit of the spectrograph. The absorption spectra were measured by combining four separate measurements, taken under various conditions such as detector background (plasma off, shutter closed), source (plasma off, shutter open), emission spectrum (plasma on, shutter off), and full spectrum (plasma on, the shutter on).
The background of the optical emission from the excited species from plasma was extracted by performing the emission spectrum measurement separately. The source and background were measured just before starting the plasma. After allowing the plasma to stabilize, the full spectrum and optical emission spectrum were recorded by opening and closing the shutter. The absorbance spectrum A was calculated as follows:
From the absorbance, the number density of the radical was calculated using
where r e is the classical radius of the electron (r e = 2.817942 × 10 −15 m), f vAvAA is the oscillator strength of the transition between two vibrational levels, λ 0 is the average band wavelength (in nm), n is the average number density (in cm −3 ), and L is the absorption length (in cm). Figure 4 shows the OH radical absorption spectrum in KCl solution in water. The OH radical number density in the ground state was found to be 5 × 10 16 cm −3
. Stray light was eliminated by taking the difference between the transmitted light in the spectra and that in the detector background spectra.
A systematic investigation of SPP by broadband absorption spectroscopy was presented in Ref. 30 . To our knowledge, this is the first time that the number density of OH radicals was measured in SPP in ultrapure water and different aqueous solutions of HCl, KCl, and KOH. The OH radical density is high for the HCl solution (2 × 10 17 cm
) when positive voltage pulses were applied to the electrodes. KOH is highly basic and can be a primary source of hydroxyl radicals, but the density of OH radicals was found to be low (5 × 10 16 cm
−3
). At higher conductivities, the emission . intensity became weak, owing to the difficulty in generating a strong electric field in the high-conductivity solution. Therefore, the high conductivities measured for the KCl and KOH solutions determined the generation of the OH radicals in the ground state at a low density as compared with that measured for the HCl solution.
Synthesis of nanoparticles in SPP
SPP is a new useful and straightforward method for metal nanoparticle (NP) synthesis because non-equilibrium plasma can offer very fast reactions by the chemical species produced in plasma, radicals, and UV radiation emitted from the discharge plasma operating at atmospheric pressure. [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] The most significant merits of the SPP for NP synthesis, over other chemical and plasma physics methods, are the fast formation rate (few milligrams during few to several tens of minutes), synthesis at room temperature and environment conditions, and use of a low plasma energy. The originality of SPP used for NP synthesis comes up from the fact that plasma operates in glow discharge parameters, offering a corresponding state to control the chemical reactions in the solutions. [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] SPP presents a new reaction field, where radicals such as hydrogen, hydroxyl, and oxygen are generated, where the hydrogen radical is the agent for the reduction of the metal ion to the neutral form, and therefore a reduction chemical compound is not mandatory.
In water solutions, SPP was used for various NP synthesis. The NP variety arises from the controlling the size, shape, composition, and crystallinity. In a synthesis process, gold NPs with exotic shapes, such as triangle, pentagon, and hexagon, have been synthesized. 33) A power supply with a pulse width and frequency of 2 µs and 15 kHz, respectively, was used to generate plasma. The NP diameter was about 20 nm. Notably, at a high voltage of 3200 V, NPs with anisotropic shapes were synthesized. At the beginning of the synthesis, the diameter of the NPs decreased during the formation, because the NPs redissolved in the initial solution. After 25 min of discharge, NPs with anisotropic shapes were synthesized. This discharge generates H 2 O 2 and pH decreases as a result of the OH radical consumption to form H 2 O 2 and of the electron transfer from H radicals to the solution. The H radicals became the reducing agent of the gold ion when the solution pH stopped decreasing. The low pH produced the redissolution of the gold NPs. The small size of the gold NPs that were not completely dissolved consisted of new seeds for nucleation. Thus, the two reaction steps, namely nucleation and growth, coincide during the synthesis of gold NPs that exhibit exotic shapes (Fig. 5 ).
An original method of SPP performed in a reverse micelle solution can regulate the size of the synthesized gold NPs. The reactive species generated in the plasma by collisional processes promote the reduction of the [AuCl 4 ] − ion only inside the water droplets in the reverse micelle solutions. At lower molar ratios of the precursor to the surfactant, the average NP diameter is small, and the NP size distribution is narrow. Gold NPs with sizes ranging from 3.8 to 11 nm formed inside the water droplets whose dimension can be adjusted by adjusting the size of the reverse micelles. The results suggest that SPP produced inside the reverse micelle solutions behaves like a plasma nanoreactor for nanomaterial fabrication (Fig. 6) . 32, 36) The microstructural crystal compositions of the gold NPs synthesized by SPP in reverse micelle solutions have been investigated by high-resolution transmission electron microscopy (HRTEM) (Fig. 7) . The synthesized gold NPs, with an average diameter of 6.3 ± 1.4 nm, exhibit different crystal characteristics such as fcc single-crystalline particles, multiply twinned particles (MTPs), and incomplete MTPs (singlenanotwinned fcc configuration).
36) The crystal structure features of the gold NPs synthesized by SPP in the reverse micelle solutions were investigated and compared with those of similar-sized gold NPs obtained by conventional chemical reduction synthesis (CRS). The HRTEM images show that the gold NPs synthesized by CRS present crystal structures and shapes similar to those NPs synthesized by SPP. However, from the detailed HRTEM images, the number of gold MTPs and incomplete MTPs relative to the total number of gold NPs obtained by SPP, was observed to be around 94%, whereas the relative number of these crystal structures formed by CRS was about 63%. It was concluded that the enhanced synthesis of gold MTPs is due to SPP which produces highly reaction-activated species under the low energy plasma and consequently under reduced environmental temperature conditions. 36) This experiment shows once more that inside SPP the reactive species create a chemical field where nanostructures can be synthesized.
SPP is a very convenient procedure for NP synthesis, realized by monitoring the size of gold NPs through the control of the surrounding chemistry, adding to a higher level of SPP applicability to nanomaterials science. 34) For example, by simply changing the pHs of the solutions in SPP, plasma develops different electron densities as is shown in Fig. 8 . This experiment offers the possibility to synthesize gold NPs of various sizes. In this way, the gold NPs obtained in SPP can have sizes ranging from 1 to 2 to 10 nm. The NPs are covered by gold oxide or by gold chloride layers, depending on the initial solution pH. After SPP, the synthesized NPs resist agglomeration in different ways depending on the chemical environment. It was demonstrated that at pH 3, the surfactant formed a ligand-metal complex with the tetrachloroaurate ion. At pH 12, the surfactant chemically bound with oxidized gold atoms on the NP surface. In this case, a repulsion force among the gold NPs covered with an oxide layer hinders the formation of large size NPs. The synthesis of NPs by this process was explained by the presence of H radicals produced by water dissociation in SPP, which contribute to the reduction of the gold ion to the neutral gold, without the need for any other chemical reducing agent. In SPP, the relative number of H radicals observed by optical emission spectroscopy is related to the electron number density because electron impact dissociation forms H radicals. The solution pH does not change the relative number of the excited gold atoms present in the plasma gas phase. Owing to the high pH of the solution, some of the H radicals recombine with OH radicals. The amount of gold reduced from ion form becomes smaller, and consequently the NP size also becomes smaller at around 2 nm. 34) Reduction and oxidation processes in SPP were analyzed during the synthesis of iron oxide and oxide-hydroxide NPs.
35) The NPs with 80 nm size with a rice-shape morphology can be easily obtained from a plasma operating at low energy, as is displayed in Fig. 9 .
The oxidation rate of the iron ion in SPP was found to be 0.13 µg mL
, and the reduction rate was determined to be 0.04 µg mL −1 s −1 when the input plasma energy per pulse was 0.4 mJ, during the formation of iron oxide and oxidehydroxide NPs. The oxidation and reduction rates in the solution phase correlated to the dissociation and excitation processes in the plasma gas phase. The differences in the relative number densities of oxygen and hydrogen atoms determined by the plasma conditions were connected to the oxidation and reduction rates in the liquid phase. 35) SPP was applied to produce NPs with different compositions. The processes at the electrodes strongly influence the nanomaterials formed in the plasma. A fast, one-step synthesis process of alloy NP formation was studied by simultaneous metal reduction and electrode erosion in an aqueous solution discharge. Gold alloy NPs were produced by combining Au with different metals such as divalent sp metals, trivalent sp metals, and 3d or 4d metals. The composition of different gold alloy NPs is determined by the charge transfer between gold and the other metal and by the electrochemical potential difference. In the synthesis experiment, the initial concentration of the solution regulates the metal composition of the gold alloy NPs. The results of TEM and EDS analysis show that the gold alloy NPs exhibit a mixed pattern and that the size of the NPs was 5-20 nm. The absorption of light was measured, and a red-shift of the surface plasmon resonance band was detected in the case of the gold alloy NPs of Au-Fe, Au-Ga, and Au-In, and a blueshift of the plasmon band was observed in the case of the Au-Ag NPs. The shifts demonstrate that gold mixed with metals in the alloy NPs. Also, the interaction of gold alloy NPs with unpaired electrons, provided by a stable free radical molecule, was most active for those NPs obtained by alloying gold with a 3d metal. [38] [39] [40] [41] The mechanism of gold ion reduction and formation of NPs was explained in Ref. 37 . SPP has the role of providing reactive species, especially H radicals, which serve as the reduction agent. The synthesis gold NPs was performed in a solution containing PBN (n-tert-butyl-α-phenylnitrone), which acts as a spin trap agent. When PBN reacts with H and OH radicals from solution, PBN-H and PBN-OH adducts are respectively formed. In the ESR measurement, these adducts can be detected. PBN-H was mainly detected in the solution used for gold NP synthesis showing that H radicals are formed in plasma by water dissociation, and then move to the liquid phase. Moreover, the formation of gold NPs was not detected in the solution containing PBN, because PBN captured H radicals, thus demonstrating the role of H radicals as reductant agent for the gold ions. 33) 
Synthesis of carbon nanomaterials
Two main types of carbon materials were produced by SPP starting from organic compound precursors: carbon-containing nanoparticles and nanosheets. Carbon synthesis from organic compounds has different efficiencies depending on , and 98.6 × 10 −4 g=min for hexane, hexadecane, cyclohexane, and benzene, respectively. Linear molecules decomposed by SPP into short olefins, while cyclic molecules formed two-and three rings molecules. As can be seen in Fig. 10 , the reaction paths are different for various regions in SPP; consequently, the formation of carbon materials depends on the location in plasma. The processes are different at the center of plasma where a high temperature was measured, as compared with that in the liquid phase, where the assembly of two-or three-ring molecules happens. In plasma in benzene, by optical emission spectroscopy, small molecules were detected at the center of SPP. In the liquid phase assembly of two-and three-ring molecules were detected by gas chromatography-mass spectroscopy. The main radical produced by SPP, which is responsible for the carbon ring polymerization, is the benzene cation radical which is formed in the SPP gas phase and transferred in the liquid phase. In the table from Fig. 10 , the radicals and ions formed by SPP in water and benzene are listed as examples of reactive species that determine the chemical reactions.
The carbon and nitrogen-containing carbon nanomaterials strongly depend on plasma parameters. The SPP frequency determines the synthesis of more crystalline carbon nanostructures. Figure 11 shows the relationship between the material resistivity and H=C ratios of the carbon nanomaterials synthesized from aniline and benzene precursors when the repetition frequencies of the pulsed power supply were changed. The corresponding TEM images and SAED patterns of the nitrogen-containing carbon nanoparticles are also displayed in Fig. 11 , for the nanomaterials synthesized at 25 and 200 kHz. At the interface between plasma phase and liquid phase, a benzene cation radical is formed which catalyzes the polymerization of benzene, so that, from benzene, graphene can be synthesized. The table shows the radicals and ions formed by SPP in water and benzene. Using heteroprecursors, heterocarbon nanomaterials can be synthesized by SPP. 43, 44) Nitrogen-containing carbon such as carbon nanosheets were obtained by SPP. The experiments reveal that heterocarbon nanosheets can be successfully synthesized at a high repetition frequency of SPP with Nmethyl-2-pyrrolidone (NMP) as the precursor for the carbon and nitrogen sources. Detailed investigations of the properties of heterocarbon nanosheets showed that the samples consisted of multilayer graphene with turbostatic stacking and had a low resistivity of 0.065 Ω cm, which is the same order of magnitude as those of N-doped carbon nanofibers (0.065 Ω cm) and N-doped carbon nanotube (0.04 Ω cm). From the elemental analysis, the carbon, hydrogen, and nitrogen contents were found to be 92.3, 0.7, and 1.3 wt %, respectively. The surface area and pore volume of heterocarbon nanosheets were 277 m 2 g −1 and 0.95 cm 3 g −1 , respectively, which indicated that the material had mesoporous structures and was composed of agglomerated nanosheets (Fig. 12) . 43) 6. Conclusions SPP is a straightforward, ecologically friendly, fast, and efficient method for nanostructure synthesis. We showed during the last ten years that, by SPP, nanoparticles with various sizes, shapes, crystallinities, and compositions could be obtained. Carbon nanomaterial synthesis also proves that SPP is an efficient and rapid method. The doping of carbon materials can be controllably performed with proper choice of precursor and plasma conditions, such as repetition frequency. The applications of carbon materials in energy devices, filters, and catalysts will lead to the wide spread use of SPP in nanomaterial synthesis.
